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Abstract: Cysts of Chattonella antiqua (Raphidophyceae) were obtained in labo-
ratory cultures for the first time. They were formed on the surface of glass cover-
slips added to both P- and N- depleted mediums. The yield was 50-250 cysts cm™2.

" Crossing experiments showed the highest cyst production in mixed cultures, although

cysts were observed in clonal cultures as well. Cysts had approximately double the
DNA content of synchronously growing vegetative cells (G, phase). The encyst-
ment process was also monitored: Under P-depleted conditions, ‘small cells’ were
fcrmed that fused to become a ‘triangle’-shaped cell which in turn changed into a cyst.

These results strongly suggest that cysts are the products of fusion and are

dipleid. ‘Small cells’, ‘triangle’-shaped cells, and cysts are considered to be gametes,
planozygotes, and hypnozygotes, respectively. Significant mortality was observed in
laboratory cysts stored in the cold and dark for five months, although those remain-
ing were capable of germination to reestablish a motile, vegetative population.

1. Introduction

Life cycle changes that allow populations of
some red-tide flagellates to alternate between a
benthic and a planktonic existence clearly play
important roles in the initiation and decline of
blooms (e.g. Wall, 1975; Anderson and Wall,
1978; Anderson et al., 1983). In the case of
Chattonella antiqua, a raphidophycean flagellate
which causes severe red tides during summer in
the Seto Inland Sea, Japan (Ono and Takano,
1980; Nakamura et al., 1989), benthic cells of
this species (hereafter termed cysts) have recently
been isclated frcm bottom sediments (Imai and
Itoh, 1986, 1988) and the importance of these
cysts as an incculum to initiate red tides was
suggested (Imai et al., 1986).

However, the cysts of C. antiqua have not
yet been observed in laboratory cultures, and
thus little is kncwn about the details of the
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encystment process. There is a clear need to
understand the encystment/excystment process
as a function of envifonmental parameters (e.g.
Anderson and Wall, 1978; Anderson et al,. 1984;
Binder and Anderson, 1987) and to assess the

“ecological roles of cysts in the population dynam-

ics of C. anmtigua more quantitatively. The
first objective of this study was thus to form
cysts of C. antiqua in laboratory cultures. After
encystment had been achieved, experiments were
conducted to determine whether the cysts were
formed through a sexual process.

2. Materials and methods

2.1. Organisms and culture conditions

Four strains of Chattonella antiqua (Ho-1,
A-0, B-5, B-20) were used throughout the ex-
periments. All strains were isolated from Harima-
Nada, the Seto Inland Sea, and were clonal.
Ho-1 was axenic and the others were not. All
experiments were conducted using a modification
of the TH-medium (Table 1). Maintenance and
inoculum cultures were grown in the TH-medium.
Since nutrient limitation is often effective in
inducing encystment (e.g. Pfiester, 1975; Ander-
son et al., 1984), the N, P-reduced TH-medium
(=encystment medium) was used throughout the
experiments (Table 1). In this medium, phos-
phorus limits the final yield of C. antiqua (Naka-
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Table 1. Composition of the medium.

TH-medium® E;Ce}ésl?;%
Filtered seawater® 950 ml 950 ml
Distilled water 50 ml 50 ml
NO;~ : 450 oM 30 ukM
PO, 30 M 1M
Si(OH)4 35 uM 20 M
N1-metals? 30 ml 30 ml
Vitamin B, 200 ng+17! 10ng-17!
Thiamine 100 pg+17* 100 ng+1?
Biotin 100 ng-17"! 100 ng-17!
TRIS lg lg
pHe 8.0 8.0

@ Surface seawater from the Kuroshio area (ca. 35
%c) was used.
® 1,000 ml of Nl-metals contain: Na: EDTA +2H,0
1.0 g, FeCl;*6H:0 63 mg, CoSO4+7H:O 0.9 mg,
ZnS04+7H:0 12 mg, MnCl:+4H:0 32 mg, CuSO;-
S5H-0 0.2 mg, Na:MoOy+2H,0 0.2 mg.
© pH of the medium was adjusted by the addition
of HCI.
@ These media were sterilized by autoclaving (120°C,
20 min).
mura and Watanabe, 1983). The strains (~2x
10% cells ml~!) were inoculated into the encystment
medium individually (1 ml1-!) or in combinations
(0.5mll~* of each strain) and cultured at 25°C,
with 150 #)E m~2sec™ illumination on a 12:12
LD photoperiod (except for Experiment 5 which
used a 14:10 LD). Encystment experiments were
conducted when the above cultures reached the
growth maximum (2-3 X 10° cells m]~!; P-deplet-
ed).
2.2, General method for encystment
Since cysts of C. antiqua recovered from the
field were often found on diatom frustules (Imai
and Itoh, 1988), we hypothesized that cysts had
a tendency to adhere to the surface of solid
materials. Four pieces of coverslip (15mmg,
1.8 cm®, made of borosilicate glass) were placed
in a 200-ml Erlenmyer flask with 100 ml of dis-
tilled water and autoclaved. The distilled water
was then discarded and replaced with a culture
of C. antigua (100ml) at its growth maximum.
The culture was incubated under the conditions
described above for two days and then placed in
darkness (25°C) for eight days. At the end of
that interval, each piece of coverslip was taken
from the culture and rinsed in filtered seawater
three times to remove motile cells. Then the
surface was observed under a microscope, and

the number of cysts adhering to the coverslip
was enumerated.

2.8. Establishment of encystment

Experiment 1: A mixed culture of the four
strains at the growth maximum (1/) was divided
into eight subcultures and incubated as described
above with coverslips. After dark incubation had
been completed, the surface of the coverslips
were observed.

Experiment 2 (Time course of encystment):
A multi-flask approach was used (Anderson and
Lindquist, 1985). A mixed culture of the four
strains at the growth maximum (27) was divided
into 20 subcultures. During the period when
subcultures were in continuous darkness, two or
three subcultures were removed daily and the
number of cysts on the surface of the coverslips
was counted to monitor the time course of
encystment.

Experiment 3 (Irradiance effects): A mixed
culture of the four strains at the growth maxi-
mum (1/) was divided into eight subcultures
with coverslips. Half of the subcultures were
incubated at 25°C, ca. 150 #/E m~2sec™! under
a 12:12 LD photoperiod for ten days, and the
others were placed under conditions described in
Section 2.2. At the end of the incubation, cysts
were enumerated and a comparison was made
between the effects of these two treatments.

2.4. Sexuality of cysts

Experiment 4 (Interclonal crosses): Using
clonal cultures of the four strains at growth max-
ima (500 ml for each strain), interclonal crosses
were examined. Experiments were conducted
under all possible combinations of the clone:
cultures of each strain (50 ml) were combined
with itself and with each of the others (50 ml)
in separate 200-ml Erlenmyer flasks. Duplicate
flasks were used for each combination. Internal
crosses between the strain A-0 and B-20 were
reexamined. Experimental procedures were the
same as those described above.

Experiment 5 (Comparison of DNA content
between cysts and vegetative cells): Cysts for
DNA measurements were obtained ising a mixed
culture of strains A-0 and B-20. Procedures fof
fixation and DNA measurement are those or
Cetta and Anderson (1990). Each piece of cover-
slip was rinsed in filtered seawater three times,
fixed in 29 glutaraldehyde in filtered seawater
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for ca. 10 min at room temperature and then
stored at 4°C. The DNA content was measured
within three weeks. Vegetative cells were ob-
tained from a clonal culture of A-0 and B-20 in
the TH-medium. Each strain was cultured in
a 1-/ Erlenmyer flask with a 500-ml medium
under a 14:10 LD cycle (lights on at 06:30 and
off at 20:30). When the cell concentration reached
500 cells ml~! (mid-exponential phase), each cul-
ture was divided into 13 subcultures in 50-ml
culture tubes (culture volume=25ml), and in-
cubated as described above. On the following
day, one culture tube from each strain was
sampled at 2hr intervals. Five-ml subsamples
were added to 2.5ml of a 6% glutaraldehyde
solution in filtered seawater in a 15-ml tube,
fixed for ca. 10 min at room temperature and
then stored at 4°C. The DNA content was
measured within four weeks. Cell concentrations
were also monitored by microscope counts using
a 1-ml Sedgewick-Rafter chamber. Each sample
is denoted by the number of hours into the light
(L) or dark (D) period (i.e. 4L =four hours after
the lights went on).

Staining of cysts and vegetative cells for DNA
quantitation was conducted at room temperature
(ca. 20°C) (Cetta and Anderson, 1990). Each
piece of coverslip with fixed cysts was immersed
in a Hoechst 33342 solution in filtered seawater
(2 pg ml™*) for ten minutes, rinsed two times in
filtered seawater and placed in filtered seawater
for DNA measurements, which were completed
within four hours of staining.

Fixed samples of vegetative cells were concen-
trated by centrifugation in a 15-ml tube. All but
0.5ml of the supernatant was removed by aspi-
ration and the pellet was resuspended. Then,
0.5-ml of the Hoechst solution in filtered sea-
water (4 #g ml™!) was added to the cell suspen-
sion, which was stained for 10 min. Cells
were then rinsed three times in filtered seawater
through a centrifuge and were used for DNA
measurements, which were completed within 6
hours of staining.

DNA-Hoechst fluorescence was measured using
a Zeiss IM35 inverted epifluorescent microscope
(Zeiss flter set 48 77 02 plus red attenuating
filter BG 38) with a 50 W mercury lamp: The
microscope was equipped with a Nikon photo-
meter system (P1). Each piece of coverslip with
cysts or stained vegetative cells suspended in

filtered seawater was placed in a Palmer-Maloney
counting chamber. Samples were scanned under
a tungsten light at 250X, and individual cells
were selected for measurement aligned in the
center of the field. The light path to the photo-
multiplier was restricted by a pinhole large enough
to admit light from only the selected nucleus.
A switch-activated electronic shuttering system
blocked the tungsten light source, briefly opened
the mercury light path and the photometer light
path for 800 ms, and the fluorescence reading
was recorded. Autofluorescence of chlorophylls
was eliminated by the red attenuating filter (BG
38). The blank value was measured on the area
having no cells and was subtracted from the
recorded value. DNA-Hoechst fluorescence
intensity was measured for 156 cysts and 100
vegetative cells from each sample, expressed in
arbitrary fluorescence units (AFU). Stability of
the instrument was confirmed by checking against
permanently-mounted dansyl  chloride-stained
plastic beads. Other experimental procedures
were the same as those described by Cetta and
Anderson (1990).

Experiment 6 (Observation of the encystment
process): A mixed culture of A-0 and B-20 at
the growth maximum (2/) was divided into 20
subcultures. After the subcultures had been
placed in continuous darkness, three or four sub-
cultures were taken daily and observed using a
1-ml Sedgewick-Rafter chamber under an inverted
microscope. When an ‘unusual’ cell (such as a
fusing pair) was found, it was isolated using a
Pasteur pipette and was placed into a well of a
tissue culture plate (Sumitomo, 96 wells) with the
N, P-omitted TH-medium (0.25 ml). Isolated
cells were placed in continuous darkness (25°C)
and were observed daily under an inverted micro-
scope.

2.5, Cyst germination (Experiment 7)

Cysts obtained from Experiment 1 were used
for this experiment. After counting the cysts,
each piece of coverslip was placed in a glass vial
(10 ml) with a 5-ml fresh encystment medium.
The glass vial was then placed in continuous
darkness and the temperature was decreased frcm
25 to 10°C at a rate of 2.5°Cd~!. Following
storage at 9-10°C for five months, the temper-
ature was increased to 22°C (optimum for
germination; Imai et al., 1984) at a rate of
2.5°Cd™'. Cysts were then incubated at 22°C,
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70 pkE m™ sec™! under a 12:12 LD photoperiod for 3. Results

seven days. After that, two ml of the medium 8.1. Methods for encystment

in the glass vial was sampled and observed under When P-depleted mixed cultures of the four
a micrcscope to search for vegetative cells. In strains were placed in continuous darkness (Ex-
this experiment, 29 pieces of coverslip were periment 1), vegetative cells could easily be differ-
used. entiated from non-motile cells which were formed

(b)

Fig. 1. Chattonella antigua life history diagram. (a) Vegetative cell of C. antigua in the
exponential growth phase. (b) Dividing cell. (c) ‘Small cell’ of C. antiqua from P- depleted
culture. (d) Fusing ‘small’ cells. (e) ‘Triangle’-shaped cell (arrows indicate the position
of flagella). (f) Laboratory cyst of C. antigua adhering to the surface of coverslip (top
view). (g) Laboratory cyst of C. antiqua adhering to the edge of coverslip (side view).

Scale bar: 30 p#m.
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on the surface of coverslips at 50-250 cells cm™2
(Fig. 1 (f), (g)). These non-motile cells: (1)
were mostly hemispherical, diameter 25-32 pm;
(2) adhered to solid surfaces; (3) were yellow-
greenish to brownish; and (4) contained several
spots of a dark-brown or black material. These
characteristics are consistent with those of cysts
of C. antiqua recovered from the field (Imai and
Itoh, 1988). Hereafter, these are termed labo-
ratory cysts. Laboratory cysts were also formed
at 30-170cellscm™ using N-depleted mixed
cultures of the four strains (initial concentrations
of NO;~ and PO,*~ were 10 and 3 M, respec-
tively).

Laboratory cysts were most numerous between
days 2 and 3 (day O=beginning of continuous
darkness). After this period, the yield did not

that laboratory cysts were also formed under a
12:121LD photoperiod (Table 2), although the
yield was much lower than that under continuous
darkness. '
8.2. Sexuality of laboratory cysts

In order to determine the most effective combi-
nation of the four C. antiqua strains for encyst-
ment and to obtain preliminary information on
whether laboratory cysts are sexual products,
crossing experiments were conducted (Experiment
4, Table 3(a)). Strains Ho-1 and B-5 did not
form cysts under the experimental conditions
used, but A-0 and B-20 did. The yield from

Table 3. Averaged yield of Chattonella antiqua
laboratory cysts from interclonal crosses
(cells cm™).

(a)

increase to any significant extent (Experiment

2; Fig. 2). Results from Experiment 3 indicate Ho-l B A-0 B-20
Ho-1 0 0 7(4) 58(25)
B-5 0 6(2) 10( 5)
A-0 18(6) 238(89)
— B-20 50(16)
o O
! O
€ 200 (b)
o o) © A-0 B-20
@ A-0 54(50)  168(78)
Yy B-20 4( 2)
: 100 - * Figures in parentheses are the SD of cyst yield
1Z (n=8 for (a) and 24 for {b)).
°
4 °
0 T T T 2 I~ 2
(o) 4 8 i -
. £ e
Time (d) o E
= 2
Fig. 2. Time course of Chattonella antiqua encyst- ° 1 . L, 2
ment. Ne¢, Average cyst yield on coverslips g &Q
(n=8 or 12). At t=0, cultures were placed in = Q
x
continuous darkness. SD of N¢ was ca. 50 % - X
f N z 2
o .
‘ 0 A A T T T A4 0
1 15 1
Table 2. Effects of light conditions on encystment 9 23 3 7
. time (h)
of Chattonella antiqua.

Condition Nc® SD n?
12:12LD 3 3 16
Continuous darkness 55 17 16

@ Averaged cyst yield formed on the surface of

coverslip (cells cm™3).

5 The number of the pieces of coverslip counted.

7L 14L 5D 10D
oD oL

Fig. 3. Changes in the concentration of vege-
tative cells (V; @) and dividing cells (Nd: O)
in synchronously growing Chattonella antiqua
(B~20) under a 14:10 LD photoperiod.
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Fig. 4. Representative DNA fluorescence (AFU
=arbitrary fluorescence unit) ws. frequency
histograms in synchronously growing Chat-
tonella antiqua (strain B-20) at 6.5 L(a), 10.5
L(b), 0.5 D(c), and 8.5 D(d). (e) DNA fluores-
cence (AFU) vs. frequency histograms in labo-
ratory cysts.

the combination of A-0 and B-20 (238 cells cm~2)
was significantly higher than that for each clone
individually (18 or 50 cellscm=2). Interclonal
crosses between A-0 and B-20 were reexamined
(Table 3(b)) and the above results were shown
to be reproducible.

The DNA content of laboratory cysts was
measured and compared with that of vegetative
cells as one way to ascertain whether sexuality
had occurred (Experiment 5). Vegetative cell
growth was synchronous and cell division mainly
occurred in the dark between 2.5D and 6.5D;
the cell concentration doubled during this period
(Fig. 3). Representative DNA vs. frequency histo-
grams of the vegetative cells of B-20 are shown
in Fig. 4. At 6.5L, all cells were in G; with
one complement of DNA (Fig. 4(a)). At 10.5L,
replication of DNA began (Fig. 4(b)) and at
0.5D, most cells were in G, with two comple-
ments of DNA (Fig. 4(c)). Then, at 8.5 D, when
cell division had been completed, all cells were
in G; once again, (Fig. 4(d)). Similar results
were obtained using an exponentially-growing
culture of A-0 (data not shown). These results
are consistent with another cell cycle study of
C. antiqua obtained with a similar microscope
photometer system with DAPI staining (Nemoto
et al., 1987). Cysts were uninucleate and their
DNA histogram is shown in Fig. 4(e). DNA
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content of the cysts is apparently higher than
that of Gy cells (Fig. 4(a), (d)) and the mean
(£SD) DNA content of the cysts (674 (20) AFU)
is approximately double that of G; cells (33%(7)
AFU). The DNA histogram of cysts is broader
than that of vegetative cells, and the broader
distribution of cyst-DNA can be due to the pres-
ence of 1C, 3C or 4C cells. However, the
most likely explanation is that the cysts are 2C,
the broader -distribution reflecting difficulties in
measuring morphologically-different cysts.

In order to observe the encystment process
directly, Experiment 6 was conducted. When
the mixed culture of A-0 and B-20 reached its
growth maximum, a significant portion of the
population (ca. 30% of the total cells) was very
small in size (25-35 pm; Fig. 1(c)) relative to
exponentially growing cells (ca. 100 #m; Fig. 1(a)).
Qur preliminary experiments showed that the
more ‘small cells’ formed, the higher the yield
of laboratory cysts. After the cultures had been
placed in continuous darkness, ‘fusing’ pairs of
the ‘small czlls’ were often observed (Fig. 1(d)).
They were asymmetrically shaped and easily
distinguishable from dividing cells (Fig. 1(b)).
‘Triangle’-shaped cells (Fig. 1(e)) were also ob-
served during this period. Two flagella, origi-
nating at different corners of the triangle, were
observed. We isolated 107 pairs of ‘fusing’ cells:
40 pairs changed to ‘triangle’-shaped cells within
1-3 days; among newly formed ‘triangle’ cells,
24 became laboratory cysts, which adhered to the
bottom cof the well. We also isolated 29 ‘tri-
angle’-shaped cells, 14 of which changed to labo-
ratory cysts within 1-5 days. The isolates of
‘fusing’ cairs cr ‘triangle’-shaped cells, which did
not change into ‘triangle’ or laboratory cysts,
either died or in some cases the former was
divided again into two ‘small’ cells. The above
observaticns, together with the results that the
mean DNA content of cysts was approximately
double that of G; cells, strongly suggest that
cysts are the product of fusion and are diploid.
3.8. Cyst survival and germination
" Since a storage period of more than four months
at low temperature (11°C) is considered essential
to induce germination of C. antiqua cysts re-
covered from the field (Imai and Itoh, 1987),
the germination of laboratory cysts was investi-
gated after cold treatment (9-10°C) for five
months (Experiment 7). At the end of the cold

treatment, the number of laboratory cysts on
the surface of the coverslips was reduced to ap-
proximately 10% of the initial levels (7.e. from
ca. 100 to 10cellscm™?), and ruptured cyst
walls were observed on the glass. Furthermore,
in the germination experiments, vegetative cells
were recovered from incubations from only eight
pieces of coverslip among 29 pieces examined.
On the basis of the counts of the original cysts
before mortality, the germination success can be
estimated at <1%.

4. Discussion

Although sexual reproduction of Raphido-
phycean algae has not yet been reported (cf.
Subrahmanyan, 1954), the observations——(1) the
mean DNA content of cysts was approximately
double that of G; cells; and (2) ‘small’ cells
fused to become ‘triangle’-shaped cells, many of
which were transformed into non-motile laboratory
cysts——strongly suggest that our laboratory
cysts are formed through a sexual process. In-
duced by P- or N-depleted conditions, gametes
(‘small cells’) are formed that fuse to form
planozygotes (‘triangle’-shaped cells) which then
become hypnozygotes (laboratory cysts). In our
crossing experiment, gametes (‘small cells’) were
not formed in P-depleted cultures of strains Ho-1
and B-5. This is not unusual in studies of
sexuality of other phytoplankton, since not all
isolates of a species respond equally well to in-
duction cues in laboratory cultures (Anderson ez
al., 1984). The inability of these strains to form
gametes is currently under investigation.

In life cycle studies of phytoplankton species,
it is important to clarify whether sexual fusion
is homo- or heterothallic. Although strong inter-
action between strains A-0 and B-20 was ob-
served (Table 3), it is difficult to conclude the
thallism of C. antiqua at present, since some
laboratory cysts were also formed when these
two strains were each grown as clonal cultures.
Two different explanations are offered to explain
these results: (1) encystment is heterothallic in
this species, and thus the laboratory cysts formed
within clonal cultures are asexual products (par-
thenogenesis); or (2) encystment is homothallic
and strong interaction between strains A-0 and
B-20 is due to ‘selective mating’. Namely, each
strains has an ability to form sexual zygotes
within clonal cultures, but the incidence of mating
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with another clone is higher than that with him-
self. Although we cannot conclude which
explanation is the case, it seems difficult to ex-
plain the strong interaction between A-0 and
B-20 in terms of parthenogenesis alone. The
thallism of C. antiqua is being investigated by
studies of the DNA content of laboratory cysts
formed in clonal cultures.

During cold treatment (9-10°C; Experiment 7),
ca. 90% of the laboratory cysts died, and the
incidence of germination was extremely low
(«19). Storage temperature in the experiment
was lower than that experienced by cysts recovered
from the Seto Inland Sea (11°C; Imai and Itoh,
1987); this difference may explain the extensive
mortality and low germination incidence. Another
possibility is that toxic materials were excreted
from the glass storage vials, which were not
borosilicate glass (Anderson ez al., 1984). How-
ever, in order to clarify the cause and the time
course of the mortality of laboratory cysts, the
effects of storage temperature and bottle type
should be examined.

Cysts of C. antiqua were formed under P- or
N-depleted conditions with yields of 50-250 cells
cm~2. The incidence of encystment (CI) was
calculated to be 2-10% based on the following
equation:

¥

N
| CI—ZleOO, (1)

where N. is the cyst yield (cellscm™2), N, the
cell concentration at the growth maximum, d
the depth of the medium (ca. 2cm). Here, factor
of 2 was introduced to account for the sexual
fusion of two cells to make each zygote. One
may think that the CI value obtained above is
rather low. However, similar percentages have
been obtained in laboratory encystment studies
of dinoflagellates (Anderson ez al., 1985; Ander-
son and Lindquist, 1985).

We can examine the validity of these estimates
by calculating the potential cyst yield from natural
blooms of C. antiqgua. If Eq. (1) is applied to
C. antiqua red tides in 1987, in which the average
cell concentration (N,) over the water column
(d=2x10%m) was 250 cells ml~* when N-nutri-
ents were exhausted (Nakamura ez al., 1989),
then we obtain an N of 0.5-2.5x10%cystscm™2.
These values are one or two orders of magnitude
higher than the observed abundance of cysts in

bottom sediments (20-1,000 cysts cm™2; Imai and
Itoh, 1985), which does not appear to change
significantly between years (I. Imai, personal
communication). It would appear that a 2-109%
encystment efficiency is sufficient to explain the
actual delivery of cysts to bottom sediments from
natural blooms.

In summary, considerable progress has been
made in our studies of the life cycle of C. antiqua.
Cysts produced in laboratory cultures appear to be
identical to those from natural sediments. Labo-
ratory experiments on these cysts will tell us
much about the dynamics of this important
plankton species.
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